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TRPV1 receptors feature prominently in nociception
of spinal primary afferents but are also expressed
in unmyelinated cranial visceral primary afferents
linked to homeostatic regulation. Cranial visceral
afferents enter the brain at the solitary tract nucleus
(NTS) to control the heart, lungs, and other vital
organs. Here we identify a role for central TRPV1 in
the activity-dependent facilitation of glutamatergic
transmission from solitary tract (ST) afferents. Fast,
synchronous ST-NTS transmission from capsaicin-
sensitive (TRPV1+) and -insensitive (TRPV1) affer-
ents was similar. However, afferent activation trig-
gered long-lasting asynchronous glutamate release
only from TRPV1+ synapses. Asynchronous release
was proportional to synchronous EPSC amplitude,
activity, and calcium entry. TRPV1 antagonists and
low temperature blocked asynchronous release,
but not evoked EPSCs. At physiological afferent
frequencies, asynchronous release strongly poten-
tiated the duration of postsynaptic spiking. This
activity-dependent TPRV1-mediated facilitation is
a form of synaptic plasticity that brings a unique
central integrative feature to the CNS and autonomic
regulation.
INTRODUCTION
The nucleus of the solitary tract (NTS) is the gateway to the auto-
nomic nervous system and integrates visceral afferent informa-
tion across critical organ systems (Loewy, 1990; Saper, 2002).
Excitatory synapses from solitary tract (ST) afferents contact
neurons within the NTS to release glutamate (Andresen et al.,
2004). ST afferents are divided into myelinated (A-fiber) and
unmyelinated (C-fiber) phenotypes with markedly different
functions. Whereas A-fiber afferents fine-tune autonomic func-
tion, the C-fiber afferents mediate disproportionately powerful
reflex responses, producing effects such as asystole and apnea
(Coleridge and Coleridge, 1984; Fan et al., 1999). At the level ofthe synapse, A- and C-terminal release properties are remark-
ably similar (Andresen and Peters, 2008; Bailey et al., 2006),
leading to the question, ‘‘Whatmechanisms underlie such strong
functional differences?’’ One important difference is that C-fiber
afferents innervating the NTS express the calcium-permeable,
nonselective cation channel ‘‘transient receptor potential vanil-
loid type 1’’ (TRPV1) in their central terminal fields (Doyle et al.,
2002); and as in unmyelinated somatosensory neurons (Lawson,
2002; Lumpkin and Caterina, 2007), the TRPV1 agonist capsa-
icin triggers glutamate release (Doyle et al., 2002; Jin et al.,
2004). In the periphery, heat, protons, and vanilloid chemicals
activate TRPV1 receptors to transduce potentially harmful sig-
nals and promote neuronal firing in sensory neurons innervating
the skin (Lumpkin and Caterina, 2007; Patapoutian et al., 2009).
However, since temperature and pH are relatively constant in
the brain, the function of TRPV1 in the CNS remains unclear
(Gibson et al., 2008; Julius and Basbaum, 2001).
ST afferent excitation increases terminal calcium and triggers
rapid exocytosis of synchronous neurotransmitter release (Kline
et al., 2009). Calcium-sensing proteins, such as synaptotagmin
1, are colocalized in microdomains near voltage-activated
calcium channels (VACC) and regulate synchronous release
(Chapman, 2008; Kerr et al., 2008; Sun et al., 2007). Many syn-
apses exhibit an additional longer-lasting, asynchronous release
that constitutes a relatively small component of total release
(Atluri and Regehr, 1998; Chen and Regehr, 1999; Goda and
Stevens, 1994). Here we investigate the mechanisms by which
A- and C-type terminals function differently and identify a
mechanism by which synaptic strength is potentiated. We report
that activity-dependent activation of TRPV1 in ST afferent
terminals generates asynchronous release of glutamate. This
TRPV1-mediated facilitation (TMF) of synaptic transmission
is distinct from fast synchronous transmitter release. Using
patch-clamp recordings of second-order neurons from the
cardiorespiratory region in NTS slices, we studied responses
to the selective activation of single ST afferents (Bailey et al.,
2006; Doyle and Andresen, 2001). In NTS, capsaicin-sensitive
(TRPV1+) ST afferents segregate onto neurons different from
those that capsaicin-resistant (TRPV1) afferents do (Doyle
et al., 2002; Jin et al., 2004). Despite similar synchronous
responses, asynchronous release was present only in neurons
innervated with TRPV1+ afferents. Selective pharmacological
antagonism of TRPV1 and bath temperatures below 33CNeuron 65, 657–669, March 11, 2010 ª2010 Elsevier Inc. 657
Figure 1. TRPV1 Predicts Afferent-Evoked
Asynchronous Glutamate Release
(A) Solitary tract shocks (filled triangles) of
subthreshold intensity (sub) evoked no response
in either TRPV1+ (upper traces) or TRPV1 (lower
traces) neurons. Increasing intensity above
threshold (supra) evoked synchronous EPSCs in
both phenotypes, but increased asynchronous
quantal release following synchronous EPSCs
only at TRPV1+ neurons. Note that synchronous
and asynchronous EPSCs were triggered with
the same intensity recruitment profile (inset:
EPSC1 amplitude, gray, and asynchronous peak
frequency, red). Activation of TRPV1 afferents
failed to increase asynchronous release frequency
(inset, blue).
(B) Rates of asynchronous activity were calculated
in 100 ms bins at subthreshold (black) and supra-
threshold (red) intensities. Asynchronous release
peaked and then decayed over a period best
fit with a biexponential function (t1 = 0.26 s,
t2 = 3.18 s, r
2 = 0.93).
(C) Mean release rates with subthreshold shocks
(sub, ) for spontaneous EPSCs were more
frequent and larger in amplitude across TRPV1+
(red, n = 21) neurons compared with TRPV1
(blue, n =20) neurons.WithSTactivation (supra, +),
peak asynchronous frequency increased only in
TRPV1+ and not in TRPV1. Data are mean ±
SEM. Error bars = mean SEM.
(D) The integrated counts of asynchronous events
increased in direct proportion to the amplitude of
the synchronous EPSC1 across TRPV1+ (red,
linear regression slope = 1.62, r2 = 0.21), but not
TRPV1 (blue, slope = 0.05, r2 = 0.01), neuron
afferents. *p < 0.05.
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TRPV1 Triggers Asynchronous Glutamate Releasesubstantially reduced asynchronous release without apprecia-
bly affecting the synchronous component, indicating that
TRPV1 is directly involved in the mobilization of asynchronous
vesicles. TMF represents a distinct form of excitatory plasticity
that substantially strengthens synaptic transmission.
RESULTS
Asynchronous Release of Glutamate Only from TRPV1+
Afferent Axons
We examined afferent synaptic transmission by stimulating the
ST with suprathreshold electrical shocks and recording excit-
atory postsynaptic currents (EPSCs) at second-order NTS neu-
rons (supra, Figure 1A). Increasing shock intensity evoked large
monosynaptic EPSCs of constant amplitude (Figure 1A, inset),
consistent with all-or-none, unitary responses of a single ST
axon (Bailey et al., 2006). Evoked synchronous EPSCs were
either completely blocked by the TRPV1 agonist capsaicin
(100 nM) (TRPV1+, n = 21 neurons), or entirely resistant
(TRPV1, n = 20 neurons) (Figure S1, available online) (Doyle
et al., 2002). Bursts of five stimuli at physiological frequencies
(50 Hz) triggered rapidly depressing EPSCs. In TRPV1+ afferents
this was followed by a long period of asynchronous EPSCs
(Figures 1A and 1B). Peak asynchronous release rates were
significantly increased compared with the equivalent sub-
threshold period from TRPV1+ afferents (n = 21, p < 0.001),658 Neuron 65, 657–669, March 11, 2010 ª2010 Elsevier Inc.but not TRPV1 afferents (n = 20, p = 0.32) (Figures 1A–1C).
Synchronous and asynchronous release had identical inten-
sity-response relationships within neurons, indicating that
both required activation of the same TRPV1+ afferent (Fig-
ure 1A, insets). Repeated trains of afferent activation episodically
and reliably increased the rate of asynchronous events (Fig-
ure S2) in a pattern that was stable for >20 min. Bursts of
asynchronous events were maximal in these neurons between
200–500 ms after stimulus onset and decayed to control over
5 s (Figure 1B). On average (n = 11), the burst of asynchronous
events decayed biexponentially, with 90% of the total release
accounted for during the initial process (t1 = 0.34 ± 0.06 s),
and the remaining occurring more slowly (t2 = 1.56 ± 0.18 s)
(Figure 1B). In the prolonged asynchronous release period, the
number of quanta released during the synchronous burst of
five EPSCs was similar to the number released asynchronously
(23 ± 4 quanta/trial versus 24 ± 2 quanta/trial, respectively,
n = 21, p = 0.74). Neurons receiving TRPV1 afferent innervation
failed to release glutamate asynchronously following ST activa-
tion (Figures 1B and 1C). Previous work comparing synchronous
release properties between TRPV1+ and TRPV1 afferents,
including variance-mean analysis of ST-evoked EPSCs, found
no significant differences (Andresen and Peters, 2008; Bailey
et al., 2006; Peters et al., 2008). Thus, despite sharing similar
evoked EPSC characteristics, only TRPV1+ afferents released
glutamate asynchronously at NTS.
Figure 2. Asynchronous Release Is Activity
Dependent
(A) Single afferent shocks triggered no significant
increase in asynchronous release (left traces).
Extending the number of shocks repeated at
a fixed frequency of 50 Hz depressed the evoked
synchronous EPSC amplitude similarly in both
afferent phenotypes. Ten shocks (right traces)
triggered asynchronous events following the
synchronous EPSCs only from TRPV1+ afferents.
Event histograms (far right) featured asynchronous
activity elevated for several seconds following
the 10 shock paradigm for TRPV1+ (top, red),
but not for TRPV1 (lower, blue), afferents (10 trials
summed, 100 ms bins). Asynchronous rates
returned to preshock baseline in <6 s.
(B) Frequency-dependent depression (FDD) of
synchronous EPSC amplitudes was not different
between TRPV1+ (red, n = 10) and TRPV1
(blue, n = 3) afferents through 20 shocks at 50 Hz
(amplitudes normalized to EPSC1). Error bars =
mean SEM.
(C) Peak asynchronous release rates from TRPV1+
afferents increased from 1 to 10 shocks and
reached a maximum release rate at higher shock
numbers. The rate of spontaneous nonsynchro-
nous events was unaltered in TRPV1 afferents
(blue) even after 20 shocks. Broken line indicates
the average basal frequency of spontaneous
events for TRPV1+ neurons (n = 10). Error bars =
mean SEM.
Neuron
TRPV1 Triggers Asynchronous Glutamate ReleaseNTS neurons receiving TRPV1+ afferents had greater basal
frequencies of spontaneous EPSCs with larger quantal ampli-
tudes compared with TRPV1 afferents (Figure 1C). The decay
kinetics of asynchronous EPSCs were indistinguishable from
those of spontaneous EPSCs recorded at subthreshold shock
intensities, suggesting that basal spontaneous and asynchro-
nous events likely arise from the same synaptic contacts (Best
and Regehr, 2009). Neurons with the largest evoked EPSCs
had greater asynchronous responses (Figure 1D). Across neu-
rons asynchronous responses increased in proportion to the
amplitude of the first EPSC (EPSC1) amplitude for TRPV1+,
but not TRPV1, neurons (Figure 1D). Because the release prob-
abilities and quantal size for afferent-evoked EPSCs are similar
across NTS neurons (Andresen and Peters, 2008; Bailey et al.,
2006; Peters et al., 2008), this scaling relationship suggests
that the number of asynchronous release sites increases in
proportion with the number of active zones producing synchro-
nous release. Asynchronous events were not observed even
in TRPV1 neurons receiving the largest-amplitude EPSC1
(Figure 1D). These findings suggest a fundamental difference
in the regulation of asynchronous vesicle release between
TRPV1+ and TRPV1 afferents.
Activity-Dependent Increases in Asynchronous Release
Variability in the relative amounts of synchronous and asynchro-
nous release at different synapses is well recognized (Best and
Regehr, 2009). However, the sharp contrast in asynchronous
release observed between TRPV1+ and TRPV1 afferent termi-
nals was surprising. The dependence of asynchronous release
on the degree of synchronous release in TRPV1+ terminals(Figure 1D) led us to investigate the relationship between afferent
activity and the asynchronous release rate. Increasing the
number of shocks to 10 at a fixed frequency increased the asyn-
chronous release in TRPV1+ neurons, but still failed to elicit any
asynchronous release in TRPV1 neurons (Figure 2A). Physio-
logically relevant frequencies of afferent activation produce
substantial frequency-dependent depression (FDD) of synchro-
nous glutamate release that is attributed to depletion of the
readily releasable pool of vesicles (RRP) (Bailey et al., 2006;
Doyle and Andresen, 2001). Extending the trains at a fixed
frequency (50 Hz) from 1–20 stimulus shocks induced substan-
tial FDD that was near maximal at 10 shocks (synchronous
EPSCs decreasing by 80%) and was uniform across both
TRPV1+ and TRPV1 afferent subtypes (Figure 2B). Remark-
ably, despite this substantial net depression of the synchronous
release process, asynchronous release from TRPV1+ afferents
increased in proportion to the number of stimuli up to amaximum
at 10 afferent shocks (Figure 2C). This activity-dependent rela-
tionship for TRPV1+ neurons was saturable and frequency inde-
pendent between 25 and 100 Hz (Figure S3). Successive action
potentials should increase terminal calcium levels and this
process is thought to be essential for the asynchronous release
of additional vesicles (Cummings et al., 1996; Hefft and Jonas,
2005; Neher and Sakaba, 2008). However, even extended trains
of terminal activation failed to trigger additional asynchronous
events from TRPV1 afferents (Figure 2C), indicating a funda-
mental difference across the two phenotypes of terminal. Such
differences could reflect differential regulation of a common
pool of vesicles or the presence of a unique pool in the
TRPV1+ terminals.Neuron 65, 657–669, March 11, 2010 ª2010 Elsevier Inc. 659
Figure 3. Synchronous and Asynchronous Vesicle Pools Are Kineti-
cally Distinct
(A) Bursts of five shocks at 50 Hz equally depressed the amplitude of evoked
EPSCs in both phenotypes of ST afferent, TRPV1+ and TRPV1. Following
these bursts of ST shocks, responses to a single additional test shock deliv-
ered at different intervals (colored arrows) showed that recovery from depres-
sion was inversely related to asynchronous release rate. Evoked EPSC ampli-
tudes were depressed similarly in both TRPV1+ (top) and TRPV1 (lower)
neurons at 0.3 s and 1.2 s.
(B) Recovery from synaptic depression was indistinguishable between
TRPV1+ (red, n = 9) and TRPV1 (blue, n = 4) afferents and fit by a single expo-
nential (TRPV1+: r2 = 0.99, t = 0.66 ± 0.06 s versus TRPV1: r2 = 0.98, t =
0.55 ± 0.05 s). The time of maximal depression of the test EPSC occurred at
the time of peak asynchronous release (see Figure 1). Data are mean ± SEM.
Error bars = mean SEM.
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TRPV1 Triggers Asynchronous Glutamate ReleaseSynchronous and Asynchronous Vesicle Pools
If synchronous and asynchronous releases arise from a single
common pool of vesicles, the continued asynchronous release
of glutamate from TRPV1+ afferents would be expected to
slow or reduce the recovery of synchronous release from FDD.
To test this hypothesis we compared recovery from FDD
between TRPV1+ and TRPV1 neurons by delivering single
test shocks at various time points following the initial stimulus
train (Figure 3A). While synchronous EPSCs were depressed
deeply at times during which asynchronous release reached its
peak (Figure 3A), the recovery relationships were not different
between test-evoked EPSC amplitudes and poststimulus
delivery times for TRPV1+ and TRPV1 afferents (p = 0.47,
Figure 3B). These results suggest that vesicular mobilization
into the RRP following depletion was independent of the occur-660 Neuron 65, 657–669, March 11, 2010 ª2010 Elsevier Inc.rence of asynchronous release. Thus, either evoked and asyn-
chronous EPSCs draw from separate pools of vesicles, or the
absolute rate of asynchronous release is too small to impact
recovery from FDD (Otsu et al., 2004).
Common Calcium Sensitivity of Synchronous
and Asynchronous Release
It has been proposed that asynchronous release represents
exocytosis of vesicles with a low-affinity sensor for intracellular
calcium, whereas synchronous release reflects fusion of vesicles
triggered by a higher-affinity calcium sensor (Cummings et al.,
1996; Sun et al., 2007). Alternatively, an allosteric form of vesicle
fusion consisting of calcium-dependent and -independent steps
may account for differences in synchronous and asynchronous
release (Wo¨lfel et al., 2007). In both schemes, activation of
VACC generates large calcium transients localized nearest to
synchronous release sites. However, following the initial tran-
sient, calcium spreads throughout the terminal, activating
distinct synaptotagmins with higher affinities that mobilize
additional vesicles asynchronously (Sun et al., 2007). Variability
in the relative amounts of synchronous and asynchronous
release at different synapsesmay reflect variation in the distance
between VACC and synaptic vesicles (Best and Regehr, 2009).
In our experiments, both the afferent-evoked EPSCs and the
subsequent asynchronous EPSC frequency were steeply sensi-
tive to extracellular calcium concentration (Figure 4). Reducing
external calcium concentration reduced asynchronous release
of glutamate in proportion to the reduction in synchronous
EPSCs (Figure 4D).
Differences in VACCs might lead to systematic differences in
the intracellular calcium signal across these two phenotypes of
afferent terminals (Hefft and Jonas, 2005). Evoked synchronous
glutamate release at afferent terminals in NTS is dominated by
the activation of N-type VACC (Mendelowitz et al., 1995). We
asked if a differential contribution of N-type VACC between
terminal subgroups might explain the differences in asynchro-
nous release. Blockade of the N-type VACC with u-conotoxin
GVIa (1 mM) reduced the amplitude of the synchronous EPSC1
in TRPV1+ (n = 4) and TRPV1 (n = 4) similarly, and reduced
the frequency of asynchronous release in TRPV1+ to <25% of
control (Figures 5A–5C). While necessary for both forms of
release, VACC are likely to be active only transiently, whereas
asynchronous release occurs over a prolonged time course
during which the N-type channels will be closed. Thus, differ-
ences in VACC are unlikely to account for the presence of asyn-
chronous release only from TRPV1+ terminals.
At other central synapses, calcium buffers have distinguished
different calcium sensitivities for synchronous and asynchro-
nous release and have been used to estimate the calcium diffu-
sion distance within the terminal (Sun et al., 2007). In TRPV1+
NTS neurons, the low-affinity calcium chelator EGTA-AM
reduced both the synchronous and the asynchronous release
in similar proportion (Figures 5D–5F). Cell-to-cell variability in
the effectiveness of EGTA-AM was considerable (n = 5, Fig-
ure 5F). The higher-affinity buffer BAPTA-AM produced similar
reductions (Figures 5D–5F, n = 4). The modest attenuation of
glutamate release by these calcium buffers suggests an intrinsi-
cally high calcium sensitivity of the glutamate release process
Figure 4. Calcium Sensitivity of Synchronous and Asynchronous EPSCs in TRPV1+ Afferents
(A) Decreases in extracellular calcium concentration from the control 2 mM decreased synchronous EPSC amplitude (black arrows) as well as asynchronous
release in a single representative neuron.
(B) The amplitude and waveform of average synchronous EPSC1 decreased as Ca2+ concentration was reduced from the control 2 mM (red). Traces are the
average of five trials.
(C) Asynchronous release (50 trials of five ST shocks at 50 Hz, 100 ms bins) decreased as Ca2+ concentration was reduced.
(D) On average (n = 4), the calcium response relations were similar for synchronous and asynchronous EPSCs. All responses were normalized to the 2 mM
control condition, and reductions in Ca2+ concentration significantly reduced responses compared with control (*p < 0.05). Horizontal black lines represent
mean values.
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TRPV1 Triggers Asynchronous Glutamate Releaseand a relatively short diffusion length compared with other
synapses (Cummings et al., 1996). Overall, the coattenuation
of synchronous and asynchronous vesicular release suggests
a common dependence on ST-evoked rises in terminal calcium.
This common path of calcium-dependent activation leads to
release of synchronous and asynchronous pools of vesicles
within the TRPV1+ terminals. Thus, action potential invasion
and calcium entry through N-type VACC are required for
activity-dependent augmentation of asynchronous neurotrans-
mission. Because the evoked EPSC release process is indistin-
guishable between TRPV1+ and TRPV1 afferents, an addi-
tional signaling mechanism must be present to account for
asynchronous release only from TRPV1+ terminals.
TRPV1 Activity Required for Asynchronous Release
Capsaicin sensitivity of ST-evoked EPSCs reliably predicted the
presence of asynchronous glutamate release in NTS neurons.
TRPV1 delivers sufficient calcium to these terminals to trigger
glutamate release following blockade of VACC and sodium
channels (Jin et al., 2004). To determine if TRPV1 itself partici-
pates in triggering activity-dependent asynchronous glutamate
release, we tested the cinnamide TRPV1 receptor antagonist
SB366791 (Gunthorpe et al., 2004). SB366791 selectively and
competitively binds to the intracellular activation domain of
TRPV1 responsible for sensitivity to capsaicin, heat, and endo-
cannabinoids (Gunthorpe et al., 2004). SB366791 (10 mM) rapidly
and reversibly decreased the frequency of asynchronous events(42% ± 5% of control, n = 5) without altering the amplitude of
the evoked synchronous EPSCs in TRPV1+ neurons (Figure 6).
The threshold concentration for SB366791 was 1 mM for a sig-
nificant reduction in asynchronous release and evoked EPSC
amplitude was unaltered (Figure 6C). Similar results were
observed in TRPV1+ neurons in which the pyridinylpiperazine
TRPV1 antagonist JNJ 17203212 (Swanson et al., 2005) selec-
tively attenuated asynchronous release (49% ± 9% of control,
n = 3, p = 0.02), but not the amplitude of the evoked EPSCs
(93% ± 2% of control, n = 3, p = 0.15) (data not shown).
TRPV1 antagonism depressed the relationship between EPSC1
amplitude and the integrated asynchronous response (Fig-
ure 6D) to a low-slope relationship that resembled that seen in
TRPV1 neurons (Figure 1D).
Asynchronous release clearly increased with evoked synchro-
nous activity (Figures 1, 2, S2, and S3). However, if TRPV1 is
active under basal conditions, then the tight coupling between
TRPV1 and asynchronous release leads to the prediction that
some of the release seen in the presence of tetrodotoxin (TTX)
will be sensitive to TRPV1 antagonism.We tested this hypothesis
in a separate series of experiments by examining the rate of
miniature EPSCs (mEPSCs) (TTX 1 mM) in TRPV1+ neurons fol-
lowing application of SB366791. SB366791 (10 mM) decreased
mEPSC frequency to 59%± 4%of control (n = 4, p = 0.03), which
suggests that the basal release of asynchronous vesicles is
regulated by TRPV1 even in the absence of afferent activity
(Figure S4).Neuron 65, 657–669, March 11, 2010 ª2010 Elsevier Inc. 661
Figure 5. Synchronous and Asynchronous EPSCs Require N-type Calcium Channels with Similar Presynaptic Calcium Sensitivity
(A) Blockade of N-type voltage-dependent calcium channels with u-conotoxin GVIa (1mM) nearly eliminated the ST-evoked EPSCs from both TRPV1+ and
TRPV1 inputs.
(B) Resulting asynchronous release was eliminated by u-conotoxin GVIa (50 trials summed, 100 ms bins).
(C) Across neurons, evoked EPSC amplitudes in TRPV1+ (red, n = 4) and TRPV1 (blue, n = 4) neurons were equally reduced compared with control. Asynchro-
nous rates were nearly eliminated in TRPV1+ afferents. Note that asynchronous release is not represented for TRPV1 (blue) in the summary because none was
observed. Black bars represent mean values and *p < 0.05 compared with control.
(D) Membrane-permeable calcium buffers EGTA-AM (100 mM, n = 5) and BAPTA-AM (100 mM, n = 4) decreased synchronous and asynchronous release to
a similar degree in TRPV1+ afferents.
(E) Integrated asynchronous profiles from representative neurons in (D) under control and drug conditions (50 trials to five ST shocks at 50 Hz, summed over
100 ms bins).
(F) Group data show that the high-affinity calcium chelator BAPTA-AM decreased responses similarly to the lower-affinity EGTA-AM. Black bars represent mean
values and *p < 0.05 compared with control.
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TRPV1 Triggers Asynchronous Glutamate ReleaseThermosensitivity of Asynchronous Release
TRPV1 is activated in peripheral neurons by temperatures >40C.
We next asked whether temperature might modify the asynchro-
nous release process. In neurons receiving TRPV1+ afferent con-
tacts, elevating temperature from 25C to 33C more than tripled
the rate of asynchronous release (356% ± 78%, n = 14, p < 0.01)
while increasing the amplitude of synchronous EPSCs by about
one-third (138% ± 5% of control, n = 14, p = 0.03) (Figure 7).
Increasing temperature to 38C augmented asynchronous
release further (410%± 60%of control, n = 14, p < 0.001) without
significantly altering the evoked EPSC1 amplitude. Within the
more physiological range (33C–38C), evoked EPSCs changed
little in latency, jitter, or waveform. The asynchronous kinetic
profile to a train of five shocks (50 Hz) becamemore accentuated
in warming from 33C and 38C (Figure 7C), despite little change662 Neuron 65, 657–669, March 11, 2010 ª2010 Elsevier Inc.in the synchronous volley. In contrast, at 25C, the asynchronous
profile was profoundly depressed. In a subgroup of neurons
(n = 5), addition of SB366791 (10 mM) decreased the tempera-
ture-induced increase in asynchronous release, but did not alter
synchronous release (Figure 7D), indicating that this effect was
mediated by TRPV1. Across neurons, the relationship between
EPSC1 amplitude and the integrated asynchronous response
had a depressed slope at 25C (Figure 7E). Thus, physiological
temperatures support a tonic drive to spontaneously release
glutamate and facilitate the activity-dependent increase in asyn-
chronous release of glutamate from these central terminals.
Asynchronous Release Prolongs Synaptic Activity
The physiological role of asynchronous release remains uncer-
tain at most central synapses because it has been difficult to
Figure 6. TRPV1 Activation Is Required for
Asynchronous Glutamate Release
(A) Current traces from a TRPV1+ afferent showed
a selective reduction of asynchronous glutamate
releaseby theTRPV1antagonistSB366791 (10mM).
(B) Synchronous EPSC1s (average five traces, top)
were unchangedbySB366791,while the asynchro-
nous profiles were reduced (lower, 50 trials
summed, 100 ms bins).
(C) Average SB366791 concentration-response
relationship for synchronous and asynchronous
EPSCs (n = 3, 5, and 5, at 0.1, 1, and 10 mM, respec-
tively). Black bars represent mean values and *p <
0.05 compared with control.
(D) SB366791 decreased the slope of the positive
correlation between EPSC1 and the total asynchro-
nous profile (control: slope = 3.37 ± 0.83, r2 = 0.60
versus SB366791 [10 mM]: slope = 0.64 ± 0.29,
r2 = 0.71). All tests used five ST shocks at 50 Hz.
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TRPV1 Triggers Asynchronous Glutamate Releaseclearly separate synchronous and asynchronous pathways. NTS
contains afferents that both possess and lack asynchronous
release, allowing a direct comparison of these processes.
In current-clamp recordings of TRPV1+ neurons, suprathreshold
ST stimulation (five shocks at 50 Hz) produced an initial burst of
tightly synchronized action potentials that were followed by
a prolonged period of asynchronous excitatory postsynaptic
potentials (EPSPs), which often triggered action potentials
(Figure8A).Across50 trials, anaverageof 217±72 (n=5neurons)
more asynchronous action potentials were generated compared
with equivalent trialswith subthresholdST shocks. In contrast, no
additional action potentials occurred in TRPV1 neurons (n = 4)
(Figure 8A). Because SB366791 attenuates the activity-evoked
asynchronous glutamate release from TRPV1+ afferents, we
tested whether such additional release could be selectively
removed and how that would impact postsynaptic activity.
SB366791 (10mM)did not alter the number of synchronousaction
potentials across 50 trials (control: 91 ± 17; SB366791: 82 ± 18;
p = 0.37), but almost eliminated asynchronous action potentials
and EPSPs (Figure 8A, right). These results are consistent with
a form of synaptic plasticity, called TMF, which substantially
expands the postsynaptic excitatory period.
Together our findings suggest that two afferent phenotypes in
NTSdisplaycommonmechanismsregulatingsynchronousrelease
of glutamate, but that the TRPV1+ terminals possess anadditional,
independently regulated pool of vesicles for asynchronous release
that is steeply graded by temperatures in the physiological/patho-
physiological range. Activity-dependent release from the asyn-
chronous pool strongly dependedupon TRPV1 receptor activationNeuron 65, 657–66and caused prolongation of spiking at
postsynaptic NTS neurons. This TMF
provides a mode of synaptic potentiation
at certain ST-NTS synapses (Figure 8C).
DISCUSSION
The role of TRPV1 in the periphery as
a major nociceptor is well accepted,although its role in the CNS remains of considerable interest
(Julius and Basbaum, 2001). We demonstrate that afferent
activity dramatically augments a tonic, TRPV1-dependent, asyn-
chronous release of glutamate from the central terminals of ST
afferents. As a result, relatively brief bursts of afferent activation
resulted in prolonged glutamate release and substantially
extended the postsynaptic excitatory period. Such TMF signifi-
cantly strengthened the C-fiber synaptic transmission in NTS,
providing a central mechanism by which C-fiber activation could
mediate powerful autonomic reflexes. In contrast, TRPV1 affer-
ents (A-fiber types) contained within the same nerve bundle and
innervating adjacent NTS neurons did not exhibit asynchronous
vesicle release. This fundamental difference in afferent neuro-
transmission may explain key differences between two parallel,
phenotypically distinct signaling pathways, and provides
a unique functional signature for TRPV1 in the CNS.
Synchronous and Asynchronous Release Arise
from the Same Afferent Terminal
Graded stimulus recruitment protocols detected precise thresh-
olds for activation of single afferents contacting the recorded cell
(Bailey et al., 2006; McDougall et al., 2009). Although recurrent
excitatory pathways are common in NTS (Fortin and Champag-
nat, 1993; Smith et al., 1998), such inputs are triggered with
unique additional thresholds (McDougall et al., 2009). Asynchro-
nous release only occurred in response to successful afferent
activation and had the same threshold as synchronous release,
making it highly likely that it arose from the same terminals. Basal
rates of spontaneous EPSCs were greater at TRPV1+ neurons9, March 11, 2010 ª2010 Elsevier Inc. 663
Figure 7. IncreasingTemperatureEnhances
Asynchronous, but Not Synchronous,
Release
(A) Synaptic current traces evoked by activation of
a TRPV1+ afferent show temperature-dependent
increases in asynchronous release with little
change in synchronous EPSC1.
(B) Synchronous EPSC1s superimposed from
each temperature tested (10 individual traces in
gray with colored average) for representative
neuron in (A). Event amplitude was modestly
reduced at the lowest temperature. Latency to
EPSC onset was lengthened at lower tempera-
tures but jitter was unchanged (inset).
(C) The integrated asynchronous profiles (50 trials,
100 ms bins) became more pronounced at
increasing temperatures. At room temperature,
asynchronous release was severely attenuated.
(D) Comparison of average temperature-response
relationship for synchronous and asynchronous
EPSCs (n = 14 at each temperature). The TRPV1
antagonist SB366791 (10 mM) attenuated the asyn-
chronous release at 38C from a subgroup of
neurons (gray circles, n = 5). Black bars represent
mean values for each group.
(E) The relationship between EPSC1 and the total
asynchronous profile scales across neurons
(n = 14) was strongly temperature dependent
(25C: slope = 1.86 ± 0.33, r2 = 0.73; 33C:
slope = 2.97 ± 0.39, r2 = 0.83; 38C: slope =
3.68 ± 0.62, r2 = 0.74) and sensitive to TRPV1
antagonism (38C + SB366791: slope = 1.21 ±
0.23, r2 = 0.08). All tests used five ST shocks at
50 Hz.
Neuron
TRPV1 Triggers Asynchronous Glutamate Releasethan at TRPV1 neurons. Even in TTX, TRPV1 antagonism
reduced this mEPSC rate—observations that are consistent
with tonic TRPV1 activity promoting release from the vesicle
pool even in the absence of afferent activation. Likewise,
lowering temperature or TRPV1-selective antagonists attenu-
ated the augmentation of asynchronous glutamate release
following ST activation, demonstrating an active role of TRPV1
in translating acute afferent activity into long-lasting glutamate
release. Because spontaneous events from the prestimulus
and poststimulus periods have identical decay kinetics, they
likely arise from similar, if not the same, afferent contacts (Best
and Regehr, 2009). Evoked ST EPSC amplitude varies widely
across both TRPV1+ and TRPV1 inputs and primarily reflects
different numbers of active release sites for individual afferents
(Bailey et al., 2006; Peters et al., 2008). Interestingly, the magni-
tude of the asynchronous response increased in direct propor-
tion to the amplitude of the evoked EPSC within TRPV1+
neurons. We propose that this scaling of asynchronous release
may reflect the variable arborizations and number of contacts
for individual afferents and the resulting number of asynchronous
release sites. In contrast, even the largest TRPV1 contacts
failed to release glutamate asynchronously, despite similar
release site numbers and afferent architecture compared to664 Neuron 65, 657–669, March 11, 2010 ª2010 Elsevier Inc.TRPV1+ terminals. Our findings are consistent with synchronous
and asynchronous vesicles arising from the same afferent
release sites.
Synchronous and Asynchronous Vesicle Pools
The time course of asynchronous release at ST TRPV1+
synapses was an order of magnitude longer than that of most
central synapses (Atluri and Regehr, 1998; Chen and Regehr,
1999; Goda and Stevens, 1994). As a result, the total number
of asynchronous quanta was nearly equal to that released syn-
chronously by a volley of five shocks. Although precise action
potential timing is lost during asynchronous release, the con-
tinued excitatory drive becomes relatively more influential
because synchronous release is largely depressed. FDD is sim-
ilar between TRPV1+ and TRPV1 afferents, consistent with
similar synchronous release mechanisms and vesicle shuttling
(Silver et al., 1998; Smith et al., 2008). Recovery from FDD was
nearly identical between TRPV1+ and TRPV1 afferents. Sur-
prisingly, the number of shocks and not the frequency of
stimulation determined the amount of asynchronous release;
although the process was equally saturable at high shock
counts, despite a 4-fold difference in stimulation frequency (Fig-
ures S3A and S3B). In contrast, FDD increased with stimulation
Figure 8. Asynchronous Release Prolongs
TRPV1-Dependent Postsynaptic Spiking
(A) Suprathreshold shocks (five ST shocks at 50 Hz)
produced synchronous postsynaptic action potentials
(arrows) for both TRPV1+ (n = 5) and TRPV1 (n = 4)
neurons. Asynchronous release triggered prolonged
action potential firing only from TRPV1+ afferents in NTS
neurons. Neurons receiving TRPV1 afferent contacts
were generally silent between synchronous responses.
SB366791 (10 mM, right) nearly eliminated the asynchro-
nous, but not the shock-synchronized, action potentials.
Data display three current traces overlaid for each condi-
tion from two representative neurons.
(B) Anatomical localization of recorded neurons. Neurons
receiving TRPV1+ contacts were broadly distributed,
whereas neurons receiving TRPV1 contacts tended to
be found relatively close to the ST.
(C) Schematic diagram represents TRPV1 control of an
asynchronous vesicle pool (red) in C-type afferent
terminals, but only a synchronous vesicle pool (blue) in
A-type, TRPV1 terminals. Flame icon represents the
thermosensitivity of TRPV1. Presence of TRPV1-depen-
dent vesicle release produces substantially greater
and more prolonged synaptic transmission from C-type
terminals during burst activation. Vclamp indicates
voltage clamp conditions and Iclamp represents current
clamp.
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TRPV1 Triggers Asynchronous Glutamate Releasefrequency (Figure S3C) while asynchronous release was max-
imal, indicating that the vesicle pools involved may be indepen-
dent. However, the average peak rate of asynchronous release
(6.3 ± 5.8 quanta per 100 ms) was low compared with the
rate of synchronous release sustained by a typical ST-NTS
neuron (18 quanta per 100 ms; assuming 20 release sites,
release probability 90% [Bailey et al., 2006], and 80% FDD at
50 Hz). Consequently, even if both fast and slow release were
from the same vesicle pool, asynchronous release may have
had little impact on recovery from FDD. Thus, a common pool
of vesicles may be so large that neither form of release is sig-
nificant enough under the present experimental conditions to
interfere with vesicle distribution. In TRPV1+ afferents, capsaicin
exposure dramatically increases asynchronous vesicle release
followed over time by the loss of synchronous EPSCs (Fig-
ure S1C) (Doyle et al., 2002). Following disappearance of
ST-evoked EPSCs, no facilitation of asynchronous release with
ST shocks can be discerned in the face of sustained high levels
of spontaneous EPSCs, but the difference in time course makes
it less likely that depletion of a common vesicle pool leads to
severe attenuation of synchronous release. Likewise, increasing
temperatures from 33C to 38C augmented the asynchronous
release without decreasing the amplitude of synchronous
EPSCs, even under near-maximal release conditions (BaileyNeuron 65, 6et al., 2006; Peters et al., 2008). Further, the
temperature-dependent increase of asynchro-
nous release was selectively attenuated by
TRPV1 antagonism with no effect on synchro-
nous release, again suggesting independent
vesicle pools. In either case the subcellular
mechanism by which TRPV1 targets vesiclesfor asynchronous release separately from synchronous release
remains unknown.
Calcium and the Role of TRPV1
In TRPV1+ afferents, lowering bath calcium decreased the
amplitude of EPSC1 and reduced the magnitude and duration
of the asynchronous component. The relative sensitivities to
extracellular calcium were similar, although the asynchronous
component was consistently reduced somewhat more than the
synchronous. Reliable synchronous release of neurotransmitter
depends on the tight coupling of VACC and the subcellular
release machinery (Matthews, 1996). Calcium-sensitive synap-
totagmins coordinate terminal depolarization and subsequent
calcium influx with the concerted release of vesicles from the
active zone (Chapman, 2008). During prolonged stimulation
trains, coordination between local calcium influx and vesicles
could be disrupted (Atluri and Regehr, 1998; Lu and Trussell,
2000). The identity of the VACC associated with particular
release sitesmay determine the fidelity of this pairing and subse-
quent vesicle release. Terminals possessing N-type channels
exhibit proportionately more asynchronous release than termi-
nals in which exocytosis depended on P/Q-type VACCs (Hefft
and Jonas, 2005). Previous work at the ST-NTS synapse demon-
strated that synchronous release was largely dependent on the57–669, March 11, 2010 ª2010 Elsevier Inc. 665
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TRPV1 Triggers Asynchronous Glutamate ReleaseN-type VACC (Cav2.2), although determination of afferent
subtypes was not performed (Mendelowitz et al., 1995). We
found that both TRPV1+ and TRPV1 afferents relied on
N-type channels for 80% of their synchronous release. Although
differences in VACC expression did not explain the presence or
absence of asynchronous release at ST-NTS synapses, voltage-
dependent calcium influx was common and requisite for both
release pathways.
At synapses with relatively brief asynchronous components,
diffusion of presynaptic calcium transients acting at high-affinity
synaptotagmins may account for the continued release (Hui
et al., 2005; Su¨dhof, 2002). This process is limited by diffusion
rate constants and calcium buffering capacity (Meinrenken
et al., 2002), which are not known to differ between ST afferent
subtypes. Bath application of the membrane-permeant calcium
chelators EGTA-AM and BAPTA-AM attenuated both synchro-
nous and asynchronous components, indicating similar average
distances between the calcium source and sensors for the two
vesicle pools (Meinrenken et al., 2002). Nevertheless, even
following long bursts of afferent activation, when terminal
calcium was greatest, TRPV1 afferents failed to release vesi-
cles asynchronously.
TRPV1+ was predictive of asynchronous release, and TRPV1
itself may provide the additional calcium drive responsible for
the prolonged vesicle mobilization. The TRPV1 antagonists
SB366791 and JNJ 17203212, as well as lower temperature,
reduced the asynchronous component triggered by afferent
stimuli without altering synchronous events. SB366791
decreased baseline spontaneous event rates and mEPSCs in
TTX in TRPV1+ neurons, as well as their sensitivity to tempera-
ture changes. Considering that SB366791 competitively binds
to the intracellular activation domain of TRPV1 (Gunthorpe
et al., 2004), an endogenous ligand may be generated during
synchronous release that subsequently activates TRPV1. Sus-
tained activation of TRPV1 would prolong calcium influx and
explain the time course of asynchronous release. The question
as to whether this could arise due to slow rates of TRPV1 deac-
tivation or whether it requires a prolonged TRPV1 agonist has
already been addressed. Rapid temperature jumps in a heterolo-
gous expression system suggest that TRPV1 deactivation
occurs rapidly (<10 ms) following cessation of an infrared pulse
(Yao et al., 2009)—too rapidly for TRPV1 channel deactivation
kinetics to delay release by the observed amount.
Other mechanisms, upstream or downstream of TRPV1 acti-
vation, could enhance presynaptic calcium and thereby trig-
ger asynchronous release. These include the following: cal-
cium entry via TRPV1 and presynaptic accumulation following
repeated spikes; action potential broadening that increases
calcium entry through TRPV1 with repeated activity (Li et al.,
2007); voltage and/or pH dependence of presynaptic voltage-
dependent channels; increased calcium entry via VACC due to
altered action potential shape resulting from TRPV1 recruitment
during a train of action potentials; increased calcium entry via
TRPV1 due to activity-dependent release of a TRPV1 agonist;
slow rates of exocytosis for an asynchronous vesicle pool; and
altered calcium buffering in the TRPV1+ terminals. While our
studies show that TRPV1 is an important determinant of asyn-
chronous release, N-type channels contribute importantly to666 Neuron 65, 657–669, March 11, 2010 ª2010 Elsevier Inc.translating afferent activity into asynchronous transmission. We
do not yet fully understand how TMF results from the coupling
between activity, global calcium, and TRPV1, but the tempera-
ture sensitivity indicates thermal activation of asynchronous
release is substantial under normal basal conditions.
The specificity with which calcium entry via TRPV1 selectively
mobilizes asynchronous vesicles without interfering with
synchronous release is intriguing. One possibility is that TRPV1
may be physically remote from synchronous release mecha-
nisms, consistent with a secondary release process targeting
a separate pool of vesicles for asynchronous release. However,
exogenous activation of TRPV1 with capsaicin dramatically
increased spontaneous rates and eliminated evoked EPSCs
from TRPV1+ afferents, consistent with a common vesicle pool
(Doyle et al., 2002). Another possibility is that the two forms of
release occur because of two separate intracellular calcium
signals that trigger fast and slow forms of exocytosis. In the
CA3 region of the hippocampus, calcium entry through pre-
synaptic nicotinic receptors recruited intracellular calcium
stores and precipitated prolonged, action-potential-indepen-
dent release of glutamate and postsynaptic spiking (Sharma
and Vijayaraghavan, 2003). While stored calcium could be
involved in TMF, the absence of any difference of action of
EGTA and BAPTA argues against this. Further experiments
are required to test the hypotheses of whether both types of
release arise from an allosteric form of vesicle fusion (Lou
et al., 2005) or from more than one intracellular calcium sensor
or source (Sun et al., 2007). Overall, the evidence at ST-NTS
TRPV1+ synapses favors separate vesicle pools. It is unclear if
separate asynchronous and synchronous pools are similar to
the spontaneous and evoked pools identified in hippocampal
neurons (Sara et al., 2005). Our studies also suggest that tonic
TRPV1 activity at physiological temperatures is a critical deter-
minant of activity-independent spontaneous glutamate release,
consistent with separate vesicle pools for synchronous and
asynchronous processes. In light of the clear role of TRPV1 as
a trigger for asynchronous release at NTS neurons, and the
distinct heterogeneity in the amount of asynchronous release
between TRPV1+ and TRPV1 synapses, we speculate that
TRPV1 or other nonselective cation channels may contribute to
asynchronous release at other central synapses (Best and
Regehr, 2009).
Functional Consequences of Asynchronous Release
TMF importantly expands the signaling repertoire and transfer of
information of TRPV1+ ST-NTS synapses. TMF doubles the
amount of glutamate released for a given action potential volley,
which translates into continued postsynaptic spiking for many
seconds following the stimulation period. This substantial poten-
tiation will shape NTS output to target nuclei throughout the
brain. TPRV1-dependent asynchronous release is strongly
temperature dependent and augments activity by 10%/C
in the CNS temperature range. This result contradicts the com-
mon extrapolation of peripheral TRPV1 threshold temperature
(>40C) to CNS TRPV1 (Julius and Basbaum, 2001). Afferent
activation of these pathways through NTS is critically important
during cardiovascular and respiratory crises in which C-fiber
afferents are recruited (Coleridge and Coleridge, 1984). For
Neuron
TRPV1 Triggers Asynchronous Glutamate Releaseexample, cardiovascular effects from modest activation of
unmyelinated baroreceptors required 20-fold higher activation
frequencies in myelinated baroreceptors (Fan et al., 1999; Fan
and Andresen, 1998). TMF represents a signaling process that
supports heightened reflexes fromC-fiber activation. Themagni-
tude and prolonged time period of asynchronous release dra-
matically potentiates the relative synaptic strength. This addi-
tional glutamate release may be upregulated under different
physiological or pathophysiological states (Kline et al., 2005).
Processes that target TRPV1 activity, either endogenous or
exogenous, will have profound effects on information transfer
across the synapse. Considering the broad distribution of
TRPV1, this additional mechanism of glutamate release should
be considered at other central synapses (Kauer and Gibson,
2009). In NTS, the strict phenotypic association of asynchronous
release with TRPV1+ afferents identifies a previously unrecog-
nized mechanism regulating neurotransmitter release at this
synapse and provides a signaling role for thermosensitive
TRPV1 receptors at central terminals that integrates neuronal
activity.EXPERIMENTAL PROCEDURES
Reagents
Capsaicin, u-conotoxin GVIa, SB366791, and JNJ 17203212 were purchased
from Tocris (Ellisville, MO), and EGTA-AM and BAPTA-AM, from Invitrogen
(Carlsbad, CA).Horizontal Brainstem Slice Preparation
Brain stem slices (250 mm)were prepared from adult male Sprague Dawley rats
(>160 g) under isoflurane anesthesia as previously described (Doyle and
Andresen, 2001; Peters et al., 2008). Briefly, the medulla was removed and
placed in cooled aCSF containing (in mM) 125 NaCl, 3 KCl, 1.2 KH2PO4, 1.2
MgSO4, 25 NaHCO3, 10 dextrose, and 2 CaCl2, bubbled with 95% O2–5%
CO2. The tissue was trimmed rostrally and caudally to yield a tissue block
centered on obex. To orient the ST axons with the NTS in a common plane
for cutting, the ventral surface of the brain stem block was cut. Slices were
cut with a sapphire knife (Delaware Diamond Knives,Wilmington, DE)mounted
in a vibrating microtome (VT1000S; Leica Microsystems Inc., Bannockburn,
IL). Slices were secured with a fine polyethylene mesh and perfused with
aCSF constantly bubbled with 95% O2–5% CO2 at 34
C–35C and
300 mOsm. All animal procedures were performed with the approval of the
Institutional Animal Care and Use Committee at Oregon Health & Science
University and conform to the guidelines of the National Institutes of Health
publication ‘‘Guide for the Care and Use of Laboratory Animals.’’Whole-Cell Recordings
Patch electrodes were visually guided to neurons using infrared illumination
and differential interference contrast optics (DIC) (40X water immersion lens)
on an Axioskop 2 microscope (Zeiss, Thornwood, NJ) with digital camera
(Hamamatsu- Photonic Systems, Bridgewater, NJ). Recording electrodes
(2.1– 3.2 MU) were filled with a low-Cl (10 mM, ECl = 69 mV) intracellular
solution that contained (in mM) 6 NaCl, 4 NaOH, 130 K-gluconate, 11 EGTA,
1 CaCl2, 1 MgCl2, 10 HEPES, 2 Na2ATP, and 0.2 Na2GTP. The intracellular
solution was pH 7.3 and 296 mOsm. For most experiments, neurons were
studied under voltage-clamp conditions with a MultiClamp 700B amplifier
(Axon Instruments, Foster City, CA) and held at VH = 60 mV using pipettes
in open, whole-cell patch configuration. Liquid junction potentials were not
corrected. Signals were filtered at 10 kHz and sampled at 30 kHz using
p-Clamp software (version 8.2, Axon Instruments). Neurons were recorded
at 32C for all experiments. When necessary, changes in bath temperature
were accomplished using an inline preheater (Cell MicroControls, Norfolk, VA).Identification of Second-Order Neurons
A concentric bipolar stimulating electrode (200 mm outer tip diameter; Freder-
ick Haer Co., Bowdoinham, ME) was placed on distal portions of the visible
ST rostral (>1 mm) to the recording region. Current shocks were delivered to
the ST every 6 s (shock duration 100 ms) using a Master-8 isolated program-
mable stimulator (A.M.P.I., Jerusalem, Israel). Latency wasmeasured between
the ST shock artifact and the onset of the resulting EPSC. Synaptic jitter = stan-
dard deviation of 30–40 ST-EPSC latencies within each neuron. Jitters of
<200 ms identify monosynaptic afferent contacts. At the end of each recording,
afferent evoked EPSCs were tested with capsaicin (100 nM) to determine va-
nilloid sensitivity—TRPV1+ or TRPV1. The location of each neuron studied
was noted and plotted on a schematic representation of the NTS slice (adap-
ted fromPaxinos andWatson, 2007) (Figure 8). Interestingly, neurons receiving
TRPV1+ contacts were dispersed throughout the medial NTS, whereas those
with TRPV1 contacts tended to align immediately adjacent to the ST.Statistical Analysis
Digitized waveforms were analyzed using an event detection and analysis
program (MiniAnalysis, Synaptosoft, Decatur, GA) for all quantal synaptic
currents and Clampfit 10 (Axon Instruments, Foster City, CA) for all ST-evoked
EPSCs. To accurately measure the amplitudes and kinetics of quantal events,
EPSCs smaller than 10 pA were excluded. To determine the number of addi-
tional events released asynchronously, the frequencies of quantal events
were collected in 100 ms bins and summed across 50 stimulation trials. The
average rate of baseline events measured for 1 s before each shock train
commenced was subtracted from the rate calculated for each 100 ms bin
during the period of 4 s following the last ST shock to yield a net asynchronous
event rate. The resulting asynchronous profile was integrated to represent the
total additional release across trials. Across trials the average frequency of
events during the first 1000 ms following the last ST stimulus shock was
a measure of the peak asynchronous frequency. For statistical comparisons
data were tested for normal distributions, and the appropriate parametric or
nonparametric statistics were used, including ANOVA and Fisher’s PLSD
post hoc analysis.SUPPLEMENTAL INFORMATION
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